). At present, there is no human data on pharmacological modulation of cortical plasticity. The Germany motivation for the present study was to investigate cholinergic modulation of experience-dependent auditory cortex plasticity in the human brain. In the context of a Summary neuroimaging experiment involving either positron emission tomography (PET) or functional magnetic resoThe factors that influence experience-dependent plasticity in the human brain are unknown. We used eventnance imaging (fMRI), we operationally define plasticity as experience-dependent changes in hemodynamic rerelated functional magnetic resonance imaging (fMRI) and a pharmacological manipulation to measure chosponses to one or more sensory stimuli (see also Morris et al., 1998) and provide evidence that reduction of cholinergic modulation of experience-dependent plasticity in human auditory cortex. In a differential aversive linergic activity blocks this form of plasticity. conditioning paradigm, subjects were presented with high (1600 Hz) and low tones (400 Hz), one of which Results was conditioned by pairing with an electrical shock. Prior to presentation, subjects were given either a plaWe combined event-related fMRI with an anticholinergic cebo or an anticholinergic drug (0.4 mg iv scopoldrug challenge to block plastic changes during aversive amine). Experience-dependent plasticity, expressed auditory conditioning. A differential conditioning paraas a conditioning-specific enhanced BOLD response, digm was used with two tones of different frequency as was evident in auditory cortex in the placebo group, CS (400 or 1600 Hz). One of these tones was paired with but not with scopolamine. This study provides in vivo an electric shock to the left leg (CSϩ) whereas the other evidence that experience-dependent plasticity, eviwas not (CSϪ). Subjects were randomly allocated to two dent in hemodynamic changes in human auditory corgroups and given either placebo or 0.4 mg scopolamine tex, is modulated by acetylcholine.
Introduction whereas the other half received the high-frequency tone as CSϩ.
Primary sensory cortices show plasticity under a variety of
The paradigm consisted of three phases (see Figure  circumstances . A well-characterized example is learning-1). In a preconditioning phase, subjects were exposed related plasticity within auditory cortex evident in aversive to the two tones without shock to establish the location conditioning paradigms (Edeline, 1999). Aversive condiof auditory cortex responses to distinct tones. In a subtioning is a form of associative learning in which a presequent conditioning phase (depending on the group), viously neutral stimulus, such as a tone (conditioned stimuthe respective CSϩ was paired in 50% of the trials with lus, CS), acquires significance through its prediction of an electric shock coterminating with the tone (delay a future aversive event, such as an electric shock (unconditioning, see Experimental Procedures for details). conditioned stimulus, US). The neurobiological basis of A partial reinforcement schedule was used in order to aversive conditioning is well described (LeDoux, 1995) facilitate assessment of responses to the CSϩ in aband provides a compelling model to study mechanisms sence of the US. Finally, in an extinction phase, the two of learning-related plasticity. Previous neuroimaging tones were again presented without shock. During all studies, using eye-blink and aversive conditioning paraphases of the experiment, participants were asked to digms, have provided evidence that experience-depenmake a right index finger key press at the end of each dent changes occur in human auditory cortices (Moltone. These response times were taken as an index of chan et al. Mean response times and standard errors to CSϩ (gray bars) and paired (CSϩu). Partial reinforcement schedules allowed us to assess CSϪ (white bars) for placebo and scopolamine group. Two subjects evoked hemodynamic responses to the CSϩ in the absence of the were false alarming in the scopolamine group and are shown sepa-US. CSϪ is the conditioned stimulus that is never paired with shock rately (right graph). during conditioning phase; eCSϩ and eCSϪ are the conditioned stimuli during extinction phase. In half of the subjects, the low tone was the CSϩ and the high tone was the CSϪ; in the other half, the Ϫ0.897, p ϭ 0.410). Awareness of contingencies correlow tone was the CSϪ, and the high tone was the CSϩ. lated with the response time measure of conditioning Abbreviations: SOA, stimulus onset asynchrony; NE, nullevent; (CSϩ/CSϪ) (Spearman correlation coefficient r ϭ Ϫ0.505, pCSϩ and pCSϪ, the to-be-conditioned stimuli during the precondip ϭ 0.012). tioning phase; CSϩ, conditioned stimulus that is paired with shock during conditioning phase.
To illustrate the effect of auditory stimulation in placebo and scopolamine subjects, fMRI activations to low and high tones versus baseline during preconditioning are shown in Figure 3 . In both placebo and scopolamine experiments where galvanic skin responses could not be measured. In this approach, conditioning is evident, groups, tones activated auditory cortex regions bilaterally. Note that the height of activation was not signifias faster responses to the CSϩ as compared to CSϪ (Critchely et al., 2002). After the experiment, subjects cantly different for scopolamine and placebo, even at a reduced threshold of p Ͻ 0.01, uncorrected (as tested for were debriefed regarding conditioning contingencies and the unpleasantness of the US (see Experimental by a random effects analysis of the group by stimulation interaction). Concerning auditory cortex experienceProcedures for details). Note that in the following, all cerebral and behavioral responses analyzed use the undependent plasticity, we expected a conditioningrelated enhancement of hemodynamic responses to low paired CSϩ.
Mean response times to tones throughout the experiand high tone CSϩ, but not the respective high or low tone CSϪ in the placebo group. Furthermore, if the choment were 1.19 Ϯ 0.172 s for placebo subjects and 1.11 Ϯ 0.509 s for scopolamine subjects. Mean response linergic innervation of the auditory cortex has a modulatory role in these plastic changes, reduced conditioningtimes were numerically lower in scopolamine subjects and more variable. This was accounted for by two subrelated plasticity should be observed when cholinergic receptors are blocked with a systemic injection of scojects false alarming (i.e., making a response on average after 630 and 940 ms, when the actual task was to press polamine. These hypotheses were investigated with two planned comparisons. the key following termination of the 1000 ms duration of the tone). In the placebo group, analysis of behavioral First, we identified in both groups auditory regions showing conditioning-related plasticity. For this purdata showed reduced response times to the unpaired (i.e., without shock) CSϩ compared to CSϪ during conpose, we used a contrast testing for a time (preconditioning versus conditioning) by conditioning (CSϩ versus ditioning (t[11] ϭ Ϫ2.023, p ϭ 0.034, one tailed paired t test), confirming that the paradigm induced conditioning CSϪ) interaction (for illustration see Figure 1 ). This compares differential responses to unpaired CSϩ relative (see Figure 2 ). Subjects treated with scopolamine did not show a differential response to CSϩ and CSϪ to CSϪ during preconditioning and conditioning phases. Note that activations during extinction do not contribute (t[11] ϭ 0.480, p ϭ 0.320 for whole group; t[9] ϭ Ϫ0.417, p ϭ 0.687 for group without subjects who were false to this analysis. Subsequently, a second analysis was performed to test for significant differences between alarming). To illustrate that false alarming did not influence differential responses to CSϩ and CSϪ, data from placebo and scopolamine in these contrasts with a group (placebo versus scopolamine) by time (precondithe two subjects who were false alarming are presented separately (see Figure 2 , right graph). The skin stimulationing versus conditioning) by conditioning (CSϩ versus CSϪ) interaction. To restrict the analysis to auditory tion was rated as mildly unpleasant, and there was no difference in the rating between groups (Mann-Whitney cortex regions responsive to tones and not to bias the analysis in favor of regions only responsive in the pla-U test, Z ϭ Ϫ0.569, p ϭ 0.590), suggesting that scopolamine did not change the perceived aversiveness of the cebo group, both analyses were restricted to regions showing activations to tones in the scopolamine group US. Likewise, there was no group difference in awareness of contingencies (Mann-Whitney U test, Z ϭ (see Figure 3B) . same left auditory region that expressed experiencedependent plasticity under placebo showed a group by plasticity interaction at a reduced threshold (p Ͻ 0.005, uncorrected). Thus, the anticholinergic drug scopolamine blocked experience-dependent auditory cortex plasticity as expressed in experience-dependent changes in hemodynamic responses. Figure 4D further illustrates the pattern of the group ϫ time ϫ conditioning interaction in right auditory cortex for the low-and high-tone groups, respectively. Both plots are derived from the maximally active voxel identified in right auditory cortex by the group ϫ time ϫ conditioning interaction (as shown in Figure 4C ) and illustrate percent signal change during preconditioning, conditioning, and extinction phases in all groups. Irrespective of whether low-or high-frequency tones were used as CSϩ in subjects receiving placebo, there was an increase in right auditory cortex activation to the CSϩ when preconditioning was compared with conditioning and a decrease in activation (i.e., adaptation) for the CSϪ. In contrast, subjects receiving scopolamine showed either adaptation (i.e., a reduction of activations between preconditioning and conditioning phases) of auditory cortex activations for both CSϩ and CSϪ (lowtone group) or a reduction of activations to CSϩ and increased activations to the CSϪ (high-tone group). Note that this pattern was also found when the two To confirm that experience-dependent plasticity obDiscussion served in the placebo group was significantly impaired with scopolamine, direct comparisons were carried out Using a conditioning paradigm, the study provides evidence that reduction of cholinergic neurotransmission ( Figure 4C ). A group ϫ time ϫ conditioning interaction for the low-tone CSϩ group was evident in the same blocks experience-dependent plasticity in human auditory cortex. In considering these findings, there are a right auditory region that showed experience-dependent plasticity under placebo. For the high-tone CSϩ number of issues that require discussion in so far as they present potential confounds. group, a group ϫ time ϫ conditioning interaction was found in right auditory cortex, slightly more posterior One important consideration is the possibility that drugs such as scopolamine might affect global and/or and lateral to the activations found for the low-tone CSϩ group. Additionally, for this high-tone CSϩ group, the regional cerebral blood flow (gCBF/rCBF). Tsukada and colleagues (1997) have shown in monkeys that rCBF to estimated global BOLD signal between the groups, which makes significant changes in gCBF unlikely. Fisomatosensory stimulation is abolished by scopolamine. The doses shown to yield this effect were, however, ten nally, it should be noted that pharmacological effects mediated through neurovascular coupling cannot extimes higher than the dose used here, and of critical relevance is the fact that no effects on rCBF were found plain the differential responses to CSϩ relative to CSϪ. A potential confound when investigating drug effects at a lower dose. To account for possible differences in gCBF between the groups in our data, global scaling in humans is sedation, which has been reported frequently after drugs such as scopolamine. We have aswas used in the data analysis. Furthermore, we found no evidence for a difference when we compared the sessed sedation with visual analog scales and corre-lated these measures with auditory cortex plasticity. We in human auditory cortex in the placebo groups might be subject to extinction. Decreases in auditory cortex found no relationship between plasticity and sedation in scopolamine subjects. In addition, it needs to be acactivity during extinction have also 
2001). the two-tone discrimination task is too difficult for behavioral learning to take place (Edeline and Weinberger,
The blockade of plasticity under scopolamine is not due to increased or decreased auditory cortex responsivity 1993).
Since our main interest was the detection of auditory under anticholinergic challenge. This is evident in the plots in Figure 4D that show that plastic changes are cortex plasticity, we used a paradigm that was optimized for the detection of a differential effect on auditory impaired under scopolamine in the low-tone group where hemodynamic responses to tones precondicortex responses as measured with fMRI (Josephs and Henson, 1999). This resulted in a paradigm with short tioning are numerically higher under drug and in the high-tone group where responses to tones precondiintertrial intervals (2 s in the case where there were no null events between two succeeding stimuli) and a tonetioning are numerically lower under drug, thus arguing against baseline differences in affecting plasticity. The shock interval of 1 s. Additionally, for reasons of analysis, a partial reinforcement schedule was applied that finding that blockade of auditory cortex cholinergic activity with the muscarinic antagonist scopolamine signifallows sampling of hemodynamic responses to nonpaired CSϩ stimuli and so avoids the confound of a icantly impaired auditory cortex plasticity thus makes a new link from animal to human data. response to a US in paired presentations. Even though these requirements were suboptimal for conditioning to
The pattern of auditory cortex activity in the scopolamine group showed activity decreases to the CSϩ from occur, response times and BOLD contrast in auditory cortex showed differential responses to CSϩ and CSϪ. the preconditioning to the conditioning phase, which resembles the decreased hemodynamic responses to In animals, frequency-responsive receptive fields in primary auditory cortex are retuned during aversive con-CSϪ from the preconditioning to the conditioning phase in the placebo group. Decrements in neuronal discharges ditioning such that receptive fields are shifted toward the frequency of the CS with reduced responses to the in the auditory cortex are normally found in animals in habituation paradigms where a tone of a given frequency previous best frequency ( Bakin and Weinberger, 1990 ).
The increased BOLD responses in auditory cortex to is presented repeatedly (Condon and Weinberger, 1991).
Habituation is a form of nonassociative learning that the CSϩ and decreases to the CSϪ in placebo subjects thus parallel the cellular responses reported in animals.
occurs to repeated presentation of innoxious stimuli. The activity decreases in the scopolamine group to the The findings are also in line with two previous PET studies using eyeblink conditioning where increased rCBF CSϩ might be interpreted as an interference with the process through which the CSϩ acquires predictive was evident in primary auditory cortex when conditioning was compared with pseudoconditioning (Molchan et value for the aversive US. Furthermore, the observation that BOLD response decreases are expressed under al., 1994; Schreurs et al., 1997). Interestingly, the plastic changes were more prominent in the auditory cortex scopolamine might suggest that cholinergic modulation does not interfere with habituation-related changes in contralateral to the side of US stimulation, a finding that we also observed (i.e., right auditory cortex plasticity auditory cortex neuronal response. Further experiments are needed to test this hypothesis. with US applied to left leg for low-tone CSϩ).
Although the contrasts we used did not investigate We are aware that although there are striking similarities between learning-related receptive field or map auditory cortex responses during extinction, the plots in Figure 4D suggest, particularly for the group where plasticity in animals and plasticity seen with neuroimaging methods in humans, there is no direct evidence that a low tone was used as CSϩ, that plastic changes seen were delivered in a randomized order every 2 s via headphones.
Even though the present study focused on cholinergic Subjects were informed that they would receive skin stimulation during the experiment but that this was irrelevant to the task. They modulation of plasticity in auditory cortex, which is parwere asked to make a right index finger key press at the end of ticularly rich in muscarinic receptors, there is evidence 
and treatment effects in patients with neurological
After the end of the experiment, subjects rated the skin stimulation damage. on a scale from zero to six (not unpleasant ϭ 0, very mildly unpleasant ϭ 1, mildly unpleasant ϭ 2, moderately unpleasant ϭ 3, moderately severely unpleasant ϭ 4, severely unpleasant ϭ 5, Experimental Procedures extremely severely unpleasant ϭ 6). Additionally, they were asked to rate the pleasantness of the two tones. Awareness of the continSubjects gencies was evaluated with a semistructured interview. First, they Twenty-nine right-handed participants (16 male, 13 female; age were asked to tell when during the scanning session (i.e., beginning, range: 18-36 years) with no history of medical or psychiatric disease middle, end, or throughout) they received the aversive skin stimulagave informed consent to participate in the study. A clinical evaluation and how many they received. Second, they were asked whether tion was first carried out to ensure that subjects had no conditions there was any relationship between the tones and the stimulation. contraindicative for scopolamine administration. Only young (below If they did not notice any relationship, they were told that one of 40 years of age), healthy (without medical problems and not on the tones was paired with the shock and should guess which of the any kind of medication apart from contraceptives) volunteers were tones it was. The answers were scored on a scale from zero to three included in the study. Ethics approval was obtained from the ethics (3 ϭ contingency reported even without being asked, i.e., before or committee of the local hospital. Five participants were excluded after the first question; 2 ϭ contingency reported when asked, i.e., from analysis due to technical failure during sound or shock delivery.
after the second question; 1 ϭ no contingency reported but guessed The effective group size was n ϭ 12 for placebo (8 male, 4 female; right when asked to guess; 0 ϭ no contingency reported and mean age 25.41 Ϯ 1.38) and n ϭ 12 for scopolamine (6 male, 6 guessed wrong when asked to guess). female; mean age 26.08 Ϯ 1.79). Both groups were divided into two subgroups (n ϭ 6), depending on whether the low or high tone was Imaging and Image Processing used as CSϩ.
A VISION MRI system (Siemens, Erlangen, Germany) operating at 2T was used to obtain T2*-weighted echoplanar (EPI) images with Drugs blood oxygenation level dependent (BOLD) contrast. 250 volumes A double-blind drug administration technique was used. Subjects of 30 2 mm thick axial slices were acquired sequentially every 3.5 received either an intravenous (iv) injection of 0.4 mg scopolamine mm, leaving a 1.5 mm gap between slices (repetition time ϭ 2.5 s, (fixed dose) or saline 90 min before the start of the experiment. echo time ϭ 40 ms). The first five volumes were discarded to allow Scopolamine was administered intravenously since oral scopolfor T1 equilibration effects. All volumes were realigned spatially to amine has variable absorption, poor bioavailability, and is behaviorthe first volume, and the timeseries for voxels within each slice ally less effective (Putcha et al., 1989) 
